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ABSTRACT 


The  aerodynamic  feasibility  of  using  wraparound  lifting, 
stabilizing,  and  controlling  surfaces  on  tube-launched  bank-to- 
tum  missile  configurations  is  established  by  wind  tunnel  tests  at 
high  subsonic  speeds.  Test  results  show  that  the  stability  and 
control  characteristics  of  a wraparound-surface  configuration  are 
as  good  or  better  than  those  of  an  equivalent  planar-surface  con- 
figuration. Predictions  based  on  planar  surfaces  agree  well  with 
test  results  when  surface-to-surface  interference  is  not  present. 
An  improved  prediction  method  for  tail  efficiency  of  wraparound- 
surface  configurations  is  shown.  Several  configurational  design 
preferences  are  indicated  by  the  test  results,  including  high 
wings  with  concave  side  windward,  horizontal  tails  mounted  with 
their  concave  side  windward  when  in  the  undeflected  position,  and 
a windward  directional  stabilizer. 
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SUMMARY 


The  feasibility  of  using  wraparound  lifting,  stabilizing, 
and  control  surfaces  on  tube-launched,  bank-to-tum  missile  con- 
figurations was  investigated  in  a wind  tunnel,  mostly  at  Mach  0.8. 
Longitudinal  and  lateral  stability  and  control  data  were  obtained 
on  configurations  having  monoplane  wings  that  wrap  around  the  mis- 
sile body  when  it  is  in  the  stored  position,  a wraparound  horizon- 
tal tail,  and  planar  vertical  tail.  The  analysis  of  the  test  re- 
sults is  presented  in  this  report.  Comparisons  of  these  data 
with  data  obtained  for  a similar  configuration  having  planar  suf- 
faces  and  with  the  predictive  methods  derived  for  planar  surfaces 
are  also  shown. 

In  general,  the  use  of  wraparound  surfaces  for  lift,  stabil- 
ity, and  control  of  bank-to-turn  missile  configurations  appears 
feasible;  the  longitudinal,  directional,  and  roll  stabil.  _y  and 
control  characteristics  of  the  wraparound-surface  configuration  are 
as  good  or  better  than  those  of  the  equivalent  planar-surf ace  con- 
figuration. No  unusual  aerodynamic  behavior  affecting  stability 
or  control  was  exhibited  by  the  configurations. 

The  lift  of  wraparound  surfaces  can  be  reasonably  predicted 
either  from  theory  or  from  empirical  methods  derived  for  planar 
surfaces,  provided  that  the  projected  planforms  are  the  same  and 
that  surface-to-surface  interference  is  not  significant.  An  im- 
proved prediction  method  for  tail  efficiency  of  wraparound  surfaces 
is  shown.  It  uses  an  empirically  derived  tail  height  parameter 
used  in  existing  downwash  formulations  in  place  of  the  height  used 
for  planar  surfaces.  Control-surface  effectiveness  for  body-wing- 
tail  configurations  can  be  predicted  well  using  empirical  correla- 
tions provided  that  body-tail  data  are  available;  otherwise  theo- 
retical methods  provide  a conservative  prediction  that  is  accept- 
able for  preliminary  design.  Empirical  methods  are  recommended 
for  estimating  body-alone  longitudinal  stability;  cross-flow  theory 
provides  a good  prediction  of  the  body-alone  normal  force  coeffi- 
cient, but  it  predicts  the  center-of-pressure  to  be  too  far  forward 
on  the  body. 

On  configurational  design,  high-wing  (concave  side  windward) 
configurations  are  aerodynamically  preferable  to  low-wing  (convex 
side  windward)  configurations;  horizontal  tails  mounted  with  their 
concave  side  windward  (in  the  undeflected  position)  are  preferred; 
a windward  vertical  tail  is  more  effective  in  providing  directional 
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stability  than  a leeward  vertical  tail;  a wraparound  vertical  tail 
is  more  effective  in  providing  directional  stability  than  a planar 
vertical  tail.  From  all  observations  on  the  aerodynamic  effective- 
ness of  wraparound  surfaces,  a configuration  having  all  wraparound 
surfaces  appears  to  be  aerodynamically  feasible. 
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1.  INTRODUCTION 


In  most  Navy  missile  systems,  a major  constraint  on  the  de- 
sign of  the  aerodynamic  configuration  results  from  the  choice  of 
the  launching  system.  Recent  interest  in  tube-type  launching  sys- 
tems leads  naturally  to  consideration  of  configurations  with  fold- 
able  or  wraparound  lifting  surfaces  that  fit  compactly  into  such 
launchers  and  that  also  provide  satisfactory  aerodynamic  perfor- 
mance with  the  surfaces  deployed  for  flight.  In  the  stowed  posi- 
tion these  surfaces  would  be  folded  so  as  to  fit  within  a circular 
cylinder  defined  by  the  maximum  diameter  of  the  missile  body. 

The  present  study  has  concentrated  on  the  use  of  surfaces 
that  wrap  around  the  missile  in  its  stowed  position  so  as  to  maxi- 
mize the  volume  available  in  the  missile.  Most  previous  interest 
in  wraparound  surfaces  has  been  in  their  application  as  stabilizing 
fins  on  bombs  and  projectiles  (Refs.  1 through  7).  The  specific 
application  prompting  the  present  study  would  be  in  a missile  using 
a bank-to-tum  control  system  and  cruising  subsonically . 

Ref.  1.  H.  J.  Gauzza,  "Static  Stability  Test  of  Tangent  and 
Wrap-Around  Fin  Configurations  at  Supersonic  Speeds,"  NAVORD  Re- 
port 3743,  17  January  1955. 

Ref.  2.  R.  Franklin  Wells,  "Investigation  of  the  Aerodynamic 
Characteristics  of  a Model  of  a Rocket  Missile  with  Several  Arrange- 
ments of  Folding  Fins  at  Mach  Numbers  of  1.75,  2.15,  2.48,  and 
2.87,"  NASA  TMX-234 , April  1960. 

Ref.  3.  H.  A.  Featherstone,  "The  Aerodynamic  Characteristics 
of  Curved  Tail  Fins,"  General  Dynamics /Pomona  GDC-ERR-PO-019 , Sep- 
tember 1960. 

Ref.  4.  F.  J.  Regan  and  V.  L.  Schermerhorn , "Supersonic  Magnus 
Measurements  of  the  10-Caliber  Army-Navy  Spinner  Projectile  with 
Wrap-Around  Fins,"  NOL  TR  70-211,  1 October  1970. 

Ref.  5.  Proceedings  of  the  Ninth  Meeting  of  the  Exterior 
Ballistics  Panel  0-7,  Vol.  II,  Session  I,  Weapon  Aerodynamics, 

DREV  M-2184172 , September  to  October  1971  (see  Bibliography  for 
pertinent  papers). 

Ref.  6.  J.  C.  Craft  and  J.  Skorupski,  "Static  Aerodynamic 
Stability  Characteristics  of  Munitions  Designs  at  Transonic  Mach 
Numbers,"  USAMC  Tech  Report  RD-73-3,  February  1973. 

Ref.  7.  C.  W.  Dahlke  and  J.  C.  Craft,  "Aerodynamic  Character- 
istics of  Wrap  Around  Fins  Mounted  on  Bodies  of  Revolution,  and 
Their  Influence  on  Missile  Static  Stability  at  Mach  Numbers  from 
0.3  to  1.3,"  USAMC  RD-TM-72-1 , Vol.  I,  March  1972,  Vol.  II,  April 
1972. 
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OBJECTIVE  OF  PROGRAM 

The  objective  of  this  exploratory  development  program  was 
to  assess  the  aerodynamic  feasibility  of  a configuration  using 
wraparound  wings  and  wraparound  or  foldable  stabilizing  and  con- 
trol surfaces.  The  scope  of  the  study  was  limited  to  considera- 
tion of  a missile  that  would  operate  at  high  subsonic  speeds, 
using  a bank-to-turn  control  system. 


TECHNICAL  APPROACH 

The  general  approach  used  in  carrying  out  the  study  involved 
the  following  phases: 

1.  Preliminary  aerodynamic  design  of  a missile  configura- 
tion meant  for  cruising  at  high  subsonic  speeds  using  wraparound 
surfaces,  and  of  a similar  configuration  using  planar  surfaces 

of  the  same  projected  planform; 

2.  Wind-tunnel  testing  of  the  longitudinal  and  lateral 
stability  and  control  characteristics  of  the  two  configurations; 

3.  Comparison  of  the  measured  characteristics  of  the  planar 
and  warparound  configurations.  This  comparison  was  used  to  ascer- 
tain whether  predictions  could  be  made  of  configurations  using 
wraparound  surfaces  based  on  the  characteristics  of  configurations 
using  "equivalent"  planar  surfaces.  If  such  a prediction  scheme 
were  possible,  the  large  body  of  existing  data  on  planar  surfaces 
would  be  available  for  preliminary  design  of  wraparound  surfaces; 
and 


4.  Delineation  of  the  aerodynamic  advantages  and  disadvan- 
tages of  the  wraparound  surfaces  for  the  application  being  con- 
sidered. 
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2.  DESIGN  AND  SELECTION  OF  TEST  CONFIGURATIONS 


GENERAL  DESIGN  CONSIDERATIONS 

Previous  investigators  of  the  aerodynamics  of  wraparound 
surfaces  have  established  that,  for  a given  projected  planform  and 
for  essentially  constant  thickness  profiles,  the  wraparound  sur- 
faces provide,  at  small  angles  of  attack,  about  the  same  normal 
force  and  longitudinal  stability  as  the  planar  surfaces  (Refs.  4, 

5,  and  7).  For  this  reason,  in  the  absence  of  analytical  methods 
for  estimating  the  aerodynamics  of  wraparound  surfaces  and  because 
of  other  considerations  discussed  in  Ref.  8,  theoretical  and  empiri- 
cal methods  developed  for  planar  surfaces  (e.g..  Refs.  9 through  12), 
were  used  in  this  study  for  arriving  at  the  design  of  the  wraparound 
wings  and  tails.  The  surface  planform  and  profile  and  the  design 
Mach  number  were  selected  from  considerations  of  lift-to-drag  ratio 
and  transonic  performance  (see  Component  Design  Considerations  dis- 
cussed next).  The  body-wing-tail  test  configurations  are  described 
in  Refs.  13  and  14  and  shown  schematically  in  Fig.  1. 


Ref.  8.  E.  F.  Lucero,  "Proposal  for  Aerodynamic  Investigation 
of  Transonic  Missile  Configurations  Incorporating  Wrap-Around  Lift- 
ing Surfaces,  Part  I:  Aerodynamic  Configuration  Design,"  APL/JHU 
BBA-2-73-001,  2 April  1973 

Ref.  9.  F.  W.  Diederich,  "A  Planform  Parameter  for  Correlat- 
ing Certain  Aerodynamic  Characteristics  of  Swept  Wings,"  NACA  TN 
2335,  April  1951. 

Ref.  10.  W.  C.  Pitts,  J.  N.  Nielsen,  and  G.  E.  Kaattari,  "Lift 
and  Center-of-Pressure  of  Wing-Body-Tail  Combinations  at  Subsonic, 
Transonic,  and  Supersonic  Speeds,"  NACA  Report  1307,  1957. 

Ref.  11.  J.  L.  Decker,  "Prediction  of  Downwash  at  Various 
Angles  of  Attack  for  Arbitrary  Tail  Locations,"  Aeronaut.  Eng.  Rev., 
Vol.  15,  August  1956. 

Ref.  12.  "USAF  Stability  and  Control  DATCOM,"  McDonnell- 
Douglas  Corp.,  Douglas  Aircraft  Division,  under  Contract  to  Air 
Force  Flight  Dynamics  Laboratory,  Wright-Patterson  Air  Force  Base, 
Ohio,  October  1960. 

Ref.  13.  E.  F.  Lucero,  "Test  Opeations  Report,  WASP  Wind  Tun- 
nel Test  No.  HST  361-0  (August  7 - August  10,  1973),"  APL/JHU  BBA- 
2-73-005,  31  August  1973. 

Ref.  14.  E.  F.  Lucero,  "Test  Operations  Report  for  WASP  Con- 
trols Test  GD/Convair  HST  361-1  (August  21  - August  24,  1974),"  APL/ 
JHU  BFD-1-74-022 , 19  September  1974. 
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(a)  Wing  location  for  stability  model 


20.187  30.0 


wings  wings 


Wing  assembly 
All  dimensions  are  in  inches 


Tail  assembly,  ip  = iy  = 8 = 0 


Fig.  1 Test  Configurations 
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Specific  factors  leading  to  the  final  choice  of  the  various  compo- 
nents (i.e.,  body,  wings,  and  tails)  are  discussed  in  the  follow- 
ing paragraphs. 


COMPONENT  DESIGN  CONSIDERATIONS 
Body 


Since  drag  investigation  was  not  a primary  objective,  the 
choice  of  a configuration  for  the  body  was  based  primarily  on  con- 
siderations of  fabrication  costs  and  simplicity  of  model  design. 
Thus,  the  use  of  existing  models  overrode  the  choice  of  an  opti- 
mum body  having  a low-drag  subsonic  nose  shape,  a contoured  sec- 
tion that  accommodates  the  wings  and  tails  when  they  are  in  their 
stowed  positions,  and  a boattailed  afterbody.  The  body  selected 
for  testing  (Fig.  1)  has  a von  Karman  nose  of  fineness  ratio  2.1, 
followed  by  a cylindrical  body.  The  overall  fineness  ratio  of  10 
was  selected  on  the  basis  of  representative  fineness  ratios  of 
existing  tube-launched  missiles  (both  U.S.  and  foreign)  whose  fine- 
ness ratios  range  from  6 to  13  (Ref.  15). 


Wings 


The  geometric  parameters  considered  in  the  design  of  the 
wing  (Fig.  2)  were  span,  profile,  and  planform. 

The  wingspan  is  limited  by  the  requirement  that  it  be 
wrapped  around  the  body  for  tube  stowage.  To  obtain  the  maximum 
span  when  the  wings  are  unfolded  (without  having  overlap  when 
folded)  the  wing  is  located  circumferentially  on  the  body  with 
its  root  chord  elevated  30°  above  the  horizontal  plane  of  symme- 
try of  the  cylinder  (Fig.  2). 

A symmetrical  profile  was  considered  at  the  outset  to  mini- 
mize the  testing  required  to  obtain  information  on  both  high  and 
low  wing  configurations  and  on  concavity  effects  (concave  and  con- 
vex). High-  and  low-wing  information  is  obtained  by  simply  test- 
ing one  configuration  at  both  positive  and  negative  angles  of 
attack.  This  symmetrical  profile  also  helps  to  avoid  zero-shift 
problems  in  data  interpretation.  The  profile  was  selected  partly 
on  the  basis  of  its  favorable  drag  divergence  and  on  its  stall 


Ref.  15,  "International  Aerospace,  1972  Specification  Tables" 
(Reprinted  from  Aviat.  Week  Space  Technol.),  13  March  1972. 
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characteristics  at  angle  of  attack  and  at  transonic  speeds  (Refs.  8, 
16,  and  17).  An  NACA  64A006  profile  was  selected,  based  on  these 
transonic  aerodynamic  characterist ics . The  Mach  number  selected 
for  the  wing  design  was  that  estimated  to  be  below  the  critical  Mach 
number  for  the  NACA  64A006  airfoil.  The  design  Mach  number  is  0.8. 

The  primary  considerations  in  planform  design  were  (a)  to  ob- 
tain a combination  of  aspect  ratio  and  area  that  optimizes  the  wing 
loading  per  degree  of  angle  of  attack,  (b)  to  minimize  losses  in 
volume  due  to  folding  requirements,  and  (c)  to  maintain  a high  criti- 
cal Mach  number,  which  is  dependent  on  sweep  and  profile  (see  Sec- 
tions II. C and  II. D of  Ref.  8)*.  The  resulting  wing  planform  is 
trapezoidal  with  a tip-to-root  chord  ratio  of  1/2,  has  an  exposed 
aspect  ratio  of  0.927,  and  is  unswept  at  the  trailing  edge  (Fig.  2), 
i.e.,  a clipped  delta  planform. 


Horizontal  Stabilizer  (Control) 

The  horizontal  stabilizer  (control)  (Fig.  3)  was  designed 
using  basically  the  same  considerations  as  those  used  in  the  wing 
design,  but  it  was  sized  to  provide  neutral  longitudinal  stability 
at  low  angle  of  attack  when  the  wing  was  located  with  its  1/4-chord 
point  of  the  mean  aerodynamic  chord  (M.A.C.)  at  X/ Hg  = 0.60  and 
when  the  center  of  gravity  was  at  X/ig  = 0.55.  (This  center  of 
gravity  is  typical  of  center-of-gravity  locations  of  realistic 
missile  configurations.)  The  horizontal  stabilizer  was  mounted 
on  the  mid-plane  of  the  cylinder,  i.e.,  below  the  wing  (Fig.  1), 
in  order  to  reduce  direct  interference  from  the  wing  at  positive 
angles  of  attack.  The  resulting  planform  of  the  horizontal  stabi- 
lizer is  similar  to  that  of  the  wing  but  smaller  (Fig.  3).  The 
horizontal  stabilizer  has  the  NACA  64A006  profile. 


*Mach  number  effects  can  also  be  minimized  by  "treating"  the  wing 
planform  at  the  root  chord  and  tip  (e.g.,  Appendix  D,  of  Ref.  18), 
but  it  was  desirable  in  this  study  to  keep  the  planform  simple. 

Ref.  16.  B.  N.  Daley  and  R.  S.  Dick,  "Effect  of  Thickness  Cam- 
ber and  Thickness  Distribution  on  Airfoil  Characteristics  at  Mach 
Numbers  up  to  1.0,"  NACA  TN  3607,  March  1956. 

Ref.  17.  E.  C.  Allen,  "Experimental  Investigations  of  the 
Effects  of  Planform  Taper  on  the  Aerodynamic  Characteristics  of 
Symmetrical  Unswept  Wings  of  Varying  Aspect  Ratio,"  NACA  RM  A53 
C19 , 29  May  1953. 

Ref.  18.  E.  F.  Lucero  and  J.  J.  Pasierb,  "Short  Course  on  Cur- 
rent Transonic  Flow  Problems  — Theories  and  Applications,"  APL/ 

JHU  BBA-0-74-003,  1 February  1974. 
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Vertical  Stabilizer  (Control) 

The  vertical  stabilizer  (control)  was  sized  to  provide 
neutral  directional  stability  when  only  one  panel  is  used.  The 
profile,  projected  planform,  and  size  are  the  same  as  those  of  one 
horizontal  panel. 

A windward  location  was  selected  for  the  vertical  tail 
(Fig.  1)  for  most  of  the  testing  since  this  location  was  deemed  to 
improve  the  tail  efficiency  during  pitching  maneuvers;  however, 
some  tests  were  also  conducted  with  the  vertical  tail  mounted  on  the 
leeward  side  (Ref.  13).  Most  of  the  tests  were  conducted  with  the 
single  planar  tail  mounted  as  shown  in  Fig.  1 to  facilitate  the 
analysis  of  the  wind-tunnel  data  by  minimizing  the  nonsymmetry  in 
the  x-z  plane.  A limited  amount  of  testing  was  also  conducted 
with  a single  vertical  wraparound  tail  (Ref.  13). 


BODY-WING-TAIL  CONFIGURATIONS 

The  test  configurations  consisting  of  the  components  de- 
scribed in  the  previous  section  are  shown  schematically  in  Fig.  1. 
Also  shown  in  Fig.  1 are  the  planar-surface  configurations  that 
were  tested  for  comparison  with  the  performance  of  the  wraparound- 
surface  configurations.  The  planar  surfaces  had  the  same  plan- 
form  as  the  projected  planform  of  the  wraparound  surfaces.  Com- 
binations of  wing  longitudinal  position,  tall  concavity  orienta- 
tion, tail  dihedral  and  anhedral,  and  mixed  configurations  (wrap- 
around wing  with  planar  tails)  were  also  tested.  A description 
of  the  configurations  tested  in  the  longitudinal  stability  phase 
of  the  investigations  is  given  in  Ref.  13.  Most  of  these  configu- 
rations had  the  wing  positioned  with  its  1/4-chord  point  of  the 
M.A.C.  at  60Z  of  the  body  length  (Fig.  la),  but  some  configura- 
tions were  tested  with  the  wing  positioned  with  its  1/4-chord  point 
of  the  M.A.C.  at  50Z  of  the  body  length  and  others  at  70Z  of  the 
body  length.  Based  on  the  results  of  these  tests  (Ref.  19),  a 
wraparound-surface  configuration  and  a similar  planar-surface  con- 
figuration were  selected  for  the  lateral  stability  and  the  pitch-, 
yaw-,  and  roll-control  test.  These  configurations  have  the  wing 
positioned  with  its  1/4-chord  point  of  the  M.A.C.  at  X/ig  ■ 0.50 
(Fig.  lb).  Photographs  of  the  wind-tunnel  models  used  in  the 
lateral  stability  and  in  the  controls  tests  are  shown  in  Figs.  4 
and  5. 

Ref.  19.  E.  F.  Lucero,  "Experimental  Results  of  High  Subsonic 
Aerodynamic  Longitudinal  Stability  Characteristics  of  Bank-to-Tum 
Configurations  Incorporating  Wrap-Around  Surfaces  with  Subsonic 
Sections,"  APL/JHU  BFD- 1-74-009,  12  February  1975. 
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A summary  of  the  pertinent  dimensions  and  other  geometric 
parameters  of  the  various  components  of  the  test  configurations 
is  given  in  Table  1. 


Table  1 

Geometric  Parameters  of  Wing  and  Tail  Surfaces 


* 

Parameter 

Wing 

Horizontal 

Tail 

Vertical 

Tail 

Exposed  semi-span  (in.) 

2.598 

1.760 

1.760 

Root  chord  (in.) 

3.737 

2.514 

2.514 

Tip  chord  (in.) 

1.868 

1.257 

1.257 

Mean  aerodynamic  chord  (in.) 

2.907 

1.956 

1.956 

Lateral  centroid  (in.) 

1.154 

0.781 

0.781 

Projected  surface  area 
(one  surface)  (in2) 

7.281 

3.318 

3.318 

Taper  in  chord 

1/2 

1/2 

1/2 

Sweep  (reference) 

35.6° 

35.6° 

35.6° 

Aspect  ratio  (one  exposed  panel) 

0.927 

0.933 

0.933 

Elevation  angle 

30° 

0° 

-90° 

Section  profile:  NACA  64A006 , 
all  surfaces 

*For  the  wraparound  surface  these  geometric  parameters  refer  to 
the  projection  of  the  wraparound  surface  on  the  horizontal  plane 
containing  both  the  root  and  tip  chords. 
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3.  RESULTS  OF  WIND-TUNNEL  TESTS 


The  experimental  program  consisted  of  aerodynamic  force  and 
moment  tests  conducted  in  the  wind  tunnel,  mostly  at  Mach  0.80.  A 
limited  amount  of  data  was  also  obtained  at  Mach  numbers  ranging 
from  0.65  to  0.98.  The  freestream  Reynolds  number  was  7.5  x 10“ 
per  foot.  Results  showing  the  main  conclusions  derived  from  this 
study  are  presented  herein  in  terms  of  the  aerodynamic  coefficients 
CN,  Cj,,,  Cy,  Cn,  C{.,  and  Cdq  (see  Figs.  6 and  7 for  direction  of 

forces,  angles,  and  deflections).  A detailed  documentation  of  the 
test  results  and  analyses  is  given  in  Refs.  19,  20,  and  21. 

The  presentation  of  the  results  include,  where  possible, 

(a)  a comparison  of  the  data  from  wraparound-surface  conf igurations 
with  the  data  from  planar-surface  configurations,  (b)  a comparison 
of  the  results  with  theoretical  or  empirical  predictions,  and 
(c)  formulation  of  empirical  approaches  that  could  improve  predic- 
tions of  the  aerodynamics  of  wraparound-surface  configurations. 

The  results  and  comparisons  shown  for  longitudinal  stability 
characteristics  are  for  configurations  with  the  wing  positioned  with 
its  1/4-chord  point  of  the  M.A.C.  at  60%  of  the  body  length  (Fig.  la) 
since  most  of  the  longitudinal  stability  data  were  obtained  with  the 
wing  in  this  position.  Based  on  these  results  of  the  longitudinal 
stability  tests,  tne  configuration  with  the  wing  positioned  with  its 
1/4-chord  point  of  the  M.A.C.  at  50%  of  the  body  length  appeared  to 
be  most  promising  for  controlling  pitch.  Thus,  the  results  and  com- 
parisons shown  for  the  lateral  stability  characteristics  and  for  the 
control  characteristics  are  for  this  50%  wind  location  (Figs,  lb,  4, 
and  5)  . 


Ref.  20.  E.  F.  Lucero,  "Experimental  Study  at  M = 0.8  of  the 
Aerodynamic  Controllability  of  the  Missile  Configuration  for  the 
Wrap-Around  Surface  Project  (WASP),"  APL/JHU  BFD-1-75-006 , 8 May 
1975. 

Ref.  21.  E.  F.  Lucero,  "Wrap-Around  Surface  Project  (WASP) 
Studies  — Analysis  of  Experimental  Data  on  Lateral  Stability  and 
on  Effects  of  Sideslip  on  Yaw  and  Roll  Control,  M = 0.8,"  APL/JHU 
BFD-1-75-010 , 30  May  1975. 
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Pitch 


Views  looking  upstream 

(positive  deflection  has  leading  edge  in  direction  of  arrow) 

Fig.  7 Definition  of  Control  Surface  Deflections 
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LONGITUDINAL  STABILITY 
Body  Alone 

The  normal  force  coefficient  (C^) , pitching  moment  coeffi- 
cient (Cn,Q  5^) , and  the  center-of-pressure  location  (Xc  p ) for  the 

von  Karman  nose-cylinder  body,  which  is  shown  schematically  in 
Fig.  1,  are  given  in  Fig.  8.  Data  on  the  body  alone  were  also  ob- 
tained at  Mach  0.90  and  0.95.  The  effect  of  Mach  number  is  small  in 
this  Mach-number  range  (see  Fig.  63  of  Ref.  19). 

Empirical  predictions  of  the  aerodynamic  characteristics  of 
the  body  can  be  made  from  data  available  in  the  literature  on  simi- 
lar bodies.  The  empirical  predictions  shown  in  Fig.  8 are  based  on 
test  data  (Ref.  22)  on  a body  having  a tangent  ogive  nose  of  fine- 
ness ratio  1.75  and  an  overall  fineness  ratio  10.94.  The  agreement 
with  the  data  of  the  present  body,  which  has  a fineness  ratio  10.0 
and  a von  Karman  nose  of  fineness  ratio  2.1,  is  excellent.  Where 
data  on  similar  bodies  cannot  be  found,  the  cross-flow  theory  of 
Allen  and  Perkins,  as  modified  by  Goldstein  (Ref.  23),  provides  a 
good  prediction  of  the  normal  force  coefficient,  but  the  center- 
of-pressure  location  is  predicted  to  be  too  far  forward  on  the  body 
(Fig.  8). 


Body-Wing 

No  significant  difference  was  observed  between  the  Cfj  (or  C^j) 
data  of  the  wraparound  wing-body  and  planar  wing-body  configurations 
when  the  wing  is  high  (Figs.  9 and  10);  when  the  wing  is  low  (con- 
vex surface  windward)  Cjj  is  higher  for  the  planar  wing  when  the 
angle  of  attack,  a,  is  above  about  8®  and  C,,,  is  more  positive  for 
the  curved  wing  beginning  at  a **  4®.  In  the  region  of  ag.-eement, 
any  method  for  accurately  predicting  normal  force  and  pitching  mo- 
ment of  planar  wings  (in  the  presence  of  a body)  can  also  be  used  to 
obtain  reasonable  estimates  of  these  values  for  wraparound  wings  pro- 
vided that  the  projected  planforms  are  the  same  for  the  planar  and 
wraparound  wings.  For  example,  the  method  of  Polhamus  (Ref.  24)  in 


Ref.  22.  E.  C.  Polhamus,  "Effect  of  Nose  Shape  on  Subsonic 
Aerodynamic  Characteristics  of  a Body  of  Revolution  Having  a Fine- 
t ness  Ratio  of  10.94,"  NACA  RM  L57  F25,  12  August  1957. 

Ref.  23.  Handbook  of  Supersonic  Aerodynamics,  Bodies  of  Revo- 
lution . NAVWEPS  Report  1488  (Vol.  3,  Sect.  8),  October  1961. 

Ref.  24.  E.  C.  Polhamus,  "Predictions  of  Vortex-Lift  Char- 
acteristics by  a Leading  Edge  Suction  Analogy,"  J.  Aircr.,  Vol.  8, 
No.  4,  April  1971. 
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Angle  of  attack,  aR  (deg) 


Fig.  9 Comparison  of  Normal  Force  Coefficients  of  Wraparound  and  Planar  Wing- 
Body  Configurations,  M ■ 0.80 


Angle  of  attack,  aR  (deg) 


Fig.  10  Comparison  of  Pitching  Moment  Coefficients  of  Wraparound  and  Planar 
Wing-Body  Configurations,  M - 0.80 
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conjunction  with  slender  body  interference  factors  (Ref.  10)  gives 
a good  prediction  of  the  wing-normal  force  coefficient  plus  mutual 


body-wing  interference  (Fig.  11).  The  coefficient  C(jt 


in- 


"W+Wg+Bw 

eludes  the  normal  force  on  the  wing  plus  the  wing-body  interference 
effects  on  body  and  wings.  From  test  data,  cNw+Wb+Bw  = cNgW  ~ cNg* 

Lifting  surface  theory  (Ref.  9)  was  found  to  predict  accurately  the 
slope  of  Cfj  versus  a at  a = 0.  For  center-of-pressure  estimates, 
test  data  indicate  that  the  1/4-chord  point  of  the  M.A.C.  would  be 
a reasonable  engineering  estimate  in  the  Mach  number  and  angle  of 
attack  range  tested. 


In  the  longitudinal  investigations  described  above,  the  wing 
was  positioned  with  its  1/4-chord  point  of  the  M.A.C.  at  60%  of  the 
body  length.  Body-wing  configurations  with  the  wing  positioned  with 
its  1/4-chord  point  at  X/ig  = 0.50  and  X/ = 0.70  were  also  inves- 
tigated and  no  significant  differences  in  Cfj  due  to  wing  position 
were  observed  (see  Fig.  53  of  Ref.  19). 


Body  Tail 

A similar  comparison  of  the  body-tail  data  (Figs.  12  and  13) 
also  shows  little  difference  between  the  longitudinal  stability 
characteristics  of  the  wraparound  and  the  planar  tails,  that  have 
the  same  planform,  although  wraparound  tails  provide  slightly  more 
stability  at  high  positive  angle  of  attack. 


0 2 4 6 8 10  12  14  16 

Angle  of  attack,  aR  (deg) 

Fig.  11  Comparison  of  Experimental  and  Predicted  Normal  Force  Coefficients 
of  Wraparound  Wings  (including  interference),  M - 0.80 
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Angle  of  attack,  a R (deg) 


Fig.  12  Comparison  of  Normal  Force  Coefficients  of  Wraparound 
and  Planar  Tail-Body  Configurations,  M = 0.80 


Angle  of  attack,  aR  (deg) 


Fig.  13  Comparison  of  Pitching  Moment  Coefficients  of  Wraparound 
and  Planar  Tail-Body  Configurations,  M ■ 0.80 
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Full-Configuration  Data 

The  full  configuration  using  wraparound  surfaces  has  essen- 
tially the  9ame  values  of  Cfj  as  the  full  configuration  using  planar 
surfaces  up  to  u « 12®  when  the  wing  is  high  and  up  to  o » 8°  when 
the  wing  is  low  (Fig.  14);  the  stability  of  the  wraparound  configu- 
ration is  equal  to  or  higher  (Cm  more  negative)  than  the  stability 
of  the  planar-surface  configuration  (Fig.  15)  when  the  wing  is  high. 
The  low-wing  (concave  side  leeward) , wraparound  configuration  is 
much  less  satisfactory  than  the  high-wing  (concave  side  windward) 
wraparound  configuration  in  that  at  a given  a it  has  a lower  value 
of  Cfl  (Fig.  16)  and  less  longitudinal  stability.  Thus,  in  the  most 
likely  operating  range  of  angle  of  attack  (positive  a)  the  wrap- 
around-surface configuration  with  the  high  wing  is  more  aerodynami- 
cally  desirable  than  either  the  wraparound-surface  configuration 


Angle  of  attack,  aR  (deg) 


Fig.  14  Comparison  of  Normal  Force  Coefficients  of  Full  Wraparound-  and  Planar- 
Surface  Configurations,  M = 0.80 
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Angle  of  attack,  qr  (deg) 


Fig.  15  Comparison  of  Pitching  Moment  Coefficients  of  Full  Wraparound-  and 
Planar-Surface  Configurations,  M = 0.80 


5 


E 

<5 


0 

0 4 8 12  16 

Angle  of  attack,  aR  (deg) 

Fig.  16  Effect  of  Concavity  Orientation  and  Wing  Elevation  on  Normal  Force 
Coefficient  of  the  Full  Configuration,  M * 0.80 


36  - 


THE  JOHNS  HOPKINS  UNIVERSITY 

applied  physics  laboratory 

l*U*tL  MARYLAND 


with  the  low  wing  or  the  configuration  that  has  all  planar  surfaces. 
Several  other  wraparound-surface  configurations  tested  were  not  as 
desirable  aero dynamic ally  as  the  high-wing  configuration  (Ref.  19). 
Further  discussion  in  this  report  will  be  confined,  therefore,  to 
the  high-wing  configuration. 

The  contributions  of  the  various  components  of  the  full  con- 
figurations (both  wraparound  and  planar)  to  Cm  and  C^,,  are  summarized 
in  Figs.  17  and  18.  The  presence  of  the  vertical  tail  did  not  change 
the  Cn  or  Cm  of  the  various  components. 

The  longitudinal  centers-of-pressure  of  the  body-wing-tail 
configurations  are  given  in  Fig.  19;  the  centers-of-pressure  of  the 
various  configurational  components  are  given  in  Fig.  20. 


Efficiency  of  Tails  for  Longitudinal  Stabilization 

When  the  horizontal  tail  stabilizer  is  within  the  wing  wake, 
its  stabilizing  effectiveness  is  reduced  because  of  the  wing  down- 
wash.  The  ratio  of  the  pitching  moment  contribution  from  the  tail 
with  the  wing  present  to  that  obtained  when  the  wing  is  not  present 
is  the  tail  efficiency,  nnv*  A comparison  of  this  parameter  for 
the  wraparound-  and  planar-surface  configurations  shows  (Fig.  21) 
that  the  tails  of  the  wraparound-surface  configuration  are  more 
efficient  stabilizers  than  the  tails  of  the  planar-surface  configu- 
ration. The  experimental  data  from  the  wraparound-surface  configu- 
ration are  compared  in  Fig.  22  with  (a)  the  values  of  n^v  calculated 
using  Decker's  downwash  formulation  derived  for  planar  surfaces 
(Ref.  11),  i.e., 

nHV  * (1  - • 


and  (b)  with  the  same  formulation  of  de/da  but  modified  by  an  "ef- 
fective tail  height"  parameter,  h . based  on  the  geometry  of 

t Lett ) 

the  wraparound  surfaces  (Fig.  22).  An  improvement  in  the  predicted 
value  of  njjy  for  the  wraparound -surface  configuration  is  obtained 


when  h 


t(eff) 


is  used.  The  details  of  the  empirical  derivation  of 


h . and  of  its  use  as  a correlation  parameter  for  the  interfer- 
t(eff) 

ence  between  the  wing  vortices  and  the  tail  are  discussed  in  Ref.  19. 
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Fig.  17  Summary  of  Component  and  Cm,  Wraparound- 
Surface  Configurations,  M = 0.80 


Fig.  18  Summary  of  Component  C N and  Cm,  Planar- 
Surface  Configurations,  M = 0.80 
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Angle  of  attack,  aR  (deg) 


|.  19  Comparison  of  Centers-of-Pressure  of  Full  Wraparound-  and 
Planar-Surface  Configurations,  M = 0.80 


Angle  of  attack,  a R (deg) 


Fig.  20  Summary  of  Component  Center-of  Pressure,  M = 0.80 
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Fig.  21  Comparison  of  Tail  Efficiency  of  Wraparound-  and  Planar-Surface 
Configurations,  M = 0.80 
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Fig.  22  Comparison  of  Experimental  and  Predicted  Tail  Efficiency  of  Wraparound- 
Surface  Configuration,  M = 0.80 
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Comparison  of  Linearized  Characteristics  with  Predictions 

A comparison  of  the  predicted  values  of  Cjja  and  XC  p at 

a « 0®  with  the  test  results  obtained  at  Mach  0.8  for  the  various 
components  shows  that  prediction  procedures  using  planar-surface 
methods  are  satisfactory  for  preliminary  design  (Table  2).  For  the 
full  body-wing-tail  configurations,  the  tail  efficiency,  nnv*  is 
predicted  using  planar-surface  methods  within  11%  of  the  test  re- 
sults obtained  with  the  planar-surface  configuration  and  within 
approximately  26%  of  the  test  results  obtained  with  the  wraparound- 
surface  configuration.  An  improvement  in  the  agreement  of  the  pre- 
dicted value  of  Puy  with  the  test  results  of  the  wraparound-surface 
configuration  is  obtained  if  the  "effective  tail  height"  deduced  for 

wraparound  surfaces  (as  discussed  above)  is  used  to  calculate  nmr 

H V 


Table  2 

Comparison  of  Linearized 
Stability  Characteristics  with  Predictions 


Component 

Test 

Predicted 

*CN 

a 

X 

c.p.  B 

nHV 

s 

a 

x 

c.p.  B 

nHV 

Ref. 

B1 

0.040 

0.208 

- 

0.040 

0.207 

- 

22 

B1WP  ' B1 

0.154 

0.585 

I 

9,  10 

Vc  ‘ Bi 

0.166 

0.584 

B1HP  - B1 

0.080 

0.937 

- 

0.081 

0.940 

- 

9,  10 

BiHc  - Bi 

0.086 

- 

0.081 

0.940 

- 

Vi ' Bi 

-0.040 

- 

-0.041 

- 

9,  10 

Planar  surface 

BWHV  configuration 

0.329 

0.295 

11 

Wraparound  surface, 
BWHV  configuration 



0.395 

■ 

11,  19 

*For  BV  - B,  Cy  is  given  instead  of  . 

6 a 

tUsing  "effective  tail  height"  for  wraparound  surfaces. 
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instead  of  using  the  planar-surface  height.  With  this  method,  the 
value  of  is  predicted  within  9%  of  the  test  results. 


LONGITUDINAL  CONTROL 

Longitudinal  control  is  obtained  by  deflection  of  the  hori- 
zontal tails  as  depicted  in  Fig.  7.  Tests  were  conducted  with 
positive  and  negative  control  surface  deflections.  The  test  values 
of  the  pitch-control  surface  deflection,  ip,  are  shown  in  Fig.  22. 
When  the  wraparound  tails  are  deflected  to  negative  values  of  ip 
(i.e.,  convex  side  windward  at  a = 0)  the  magnitudes  of  the  control 
force  and  moment  per  degree  of  control  surface  deflection,  AC^/ip 
and  ACm/ip,  respectively,  are  generally  greater  than  those  of  the 
planar  tails  (Fig.  23).  When  the  wraparound  tails  are  deflected  to 
positive  values  of  ip,  i.e.,  concave  side  windward,  the  magnitudes 
of  ACij/ip  and  ACm/ip  are  generally  less  than  those  of  the  planar 
tails.  When  the  coh/ex  side  of  the  wraparound  tails  is  windward  a 
larger  control  moment  is  obtained  than  when  the  concave  side  is 
windward.  This  situation  is  desirable  since  (for  steady-state  con- 
ditions) a stable  missile  in  cruise  flight  would  normally  be  flying 
with  a negative  value  of  control-surface  deflection.  Thus  for  the 
expected  operating  range  of  angle-of-attack  and  control-surface  de- 
flection for  a stable  missile,  the  wraparound  tails  have  a pitch 
control  effectiveness  that  is  generally  greater  than  that  of  the 
planar  tails. 

The  data  on  control  effectiveness  for  both  wraparound-  and 
planar-surface  configurations  correlates  as  almost  a single-valued 
function  of  the  local  tail  angle-of-attack,  (Fig.  24),  for  both 
body-tail  and  body-wing-tail  configurations.  It  is  therefore  sug- 
gested that,  for  a given  body-wing-tail  configuration  having  wrap- 
around surfaces,  the  control  effectiveness  parameter,  ACm/ip,  can 
be  obtained  empirically  from  a plot  of  ACm/ip  versus  ootained 
from  the  data  from  a body-tail  configuration.  The  applicable 
value  of  aH  for  the  body-wing-tall  configuration  is  obtained  from 
°H  “ aR  + f-p  “ T-*  The  average  downwash  angle  T is  calculated  using 
the  proper  value  of  for  given  wraparound-surface  con- 

figuration (Ref.  19).  In  the  absence  of  body-tail  data,  predictive 
methods  derived  for  planar  surfaces  provide  a reasonable  estimate 
of  ACm/ip  for  preliminary  design  (see  curve  in  Fig.  24) . The  pre- 
dicted values  shown  in  Fig.  24  were  calculated  using  the  leading 
edge  suction  analogy  (Ref.  24)  with  account  made  for  body-tail  in- 
terference by  using  slender  body  interference  factors  (Ref.  10). 
Note  that  ACm  is  the  difference  between  the  value  of  Cm  at  ip  4 0 
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Fig.  23  Comparison  of  Control  Characteristics  of  Wraparound-  and  Planar-Surface 
Configurations,  M = 0.80 
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Fig.  24  Correlation  of  Pitch  Control  Effectiveness  with  Angle  of  Attack  at  the  Tail, 
M = 0.80 


and  its  value  at  ip  = 0.  The  predicted  value  of  ACm/ip  is  gen- 
erally lower  than  that  obtained  from  the  present  data  and  thus  pro- 
vides a conservative  value  of  AC^/ip. 

Note  from  the  data  correlation  in  Fig.  24  that  pitch  control 
effectiveness  declines  beginning  at  aH  *«  12°,  but  some  control  mo- 
ment is  available  to  **  24°. 


LONGITUDINAL  TRIM  CHARACTERISTICS 

A summary  plot  showing  the  static  longitudinal  stability  and 
control  characteristics  of  both  the  wraparound-surface  and  planar 
surface  configurations  is  given  in  Fig.  25.  These  configurations 
have  the  wing  positioned  one  diameter  forward  of  the  configurations 
discussed  earlier  in  this  section  (i.e.,  the  1/4-chord  point  of  the 
M.A.C.  at  0.50  ig) • These  configurations  are  slightly  unstable  at 
a ■ G*,  Cjj  ■ 0;  i.e.,  dCm/dCjj  > 0 at  Cjj  ■ 0.  These  configurations 
were  chosen  for  the  control  studies  because  the  results  of  the  lon- 
gitudinal stability  studies  (see  Longitudinal  Stability)  indicated 
that  it  has  promising  controllability  with  small  "trim"  control 
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surface  deflection.  The  missile  is  in  trim  when  * 0,  i.e.,  the 
points  along  the  ordinate  are  trim  points  for  a center  of  gravity 
position  at  0.55  from  the  nose. 

The  "trim"  maneuverability  and  control  characteristics  for 
a center-of-gravity  position  at  55%  of  the  body  length  are  shown 
in  Fig.  26  for  both  wraparound-surface  and  planar-surface  configu- 
rations. The  maneuverability  factor  shown  in  Fig.  26  is  a figure 
of  merit  indicating  the  capability  of  the  missile  to  change  its 
flight  path.  It  is  the  ratio  of  the  maneuver  achievable  at  a 
given  angle-of-attack  to  the  maneuver  available  for  the  wraparound 
configuration  at  a 16°  angle-of-attack.  As  an  example,  a 4-g 
maneuver  would  be  available  at  16°  angle-of-attack  for  a missile 
of  the  proportion  of  the  wraparound-surface  configuration  that  is 
1 ft  in  diameter,  10  ft  long,  weighing  800  lb,  and  flying  at  sea 
level  at  Mach  0.8.  Similarly,  a 1-g  maneuver  would  be  available 
at  a = 16°  for  the  wraparound-surface  configuration  at  an  altitude 
of  34  000  ft.  (Note  that  the  wraparound-surface  configuration  has 
a maneuver  capability  that  is  slightly  greater  than  that  of  the 
planar-surface  configuration.)  The  tail  control  deflections  needed 
to  hold  either  the  wraparound-  or  planar-surface  configuration  at 
the  desired  angle-of-attack  are  less  than  1 5°  | . Thus  the  wrap- 
around-surface configuration  is  aerodynamically  feasible  from  the 
standpoint  of  longitudinal  trim  characteristics. 


Fig.  26  Comparison  of  the  Trim  Maneuverability  and  Control  Characteristics  of 
Wraparound-  and  Planar-Surface  Configurations,  M = 0.80 
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DIRECTIONAL  STABILITY 

The  wraparound-surface  configuration  has  directional  sta- 
bility characteristics  that  are  generally  more  favorable  (i.e., 
more  stable)  in  the  expected  operating  regime  than  those  of  the 
planar-surface  configurations,  although  both  appear  to  be  satis- 
factory (Fig.  27).  For  both  configurations,  the  yawing  moment 
coefficient,  C^,  varies  linearly  or  increases  monotonically  with 
sideslip  angle,  8 (Fig.  28),  except  at  aR  = 12.7°  where  Cn  for  the 
wraparound-surface  configuration  is  highly  nonlinear  with  6. 

A compilation  and  an  analysis  of  the  contribution  of  the 
various  components  to  directional  stability  of  the  wraparound- 
surface  configuration  are  given  in  Ref.  21.  An  important  result 
obtained  from  these  component  data  is  that,  for  a body-vertical- 
tail,  the  effectiveness  of  the  vertical  stabilizer  in  providing 
directional  stability  is  significantly  reduced  when  it  is  located 
in  the  leeward  flow  (Fig.  29).  Thus  for  this  configuration,  the 
windward  location  for  a vertical  stabilizer  is  more  desirable 

I than  the  leeward  location.  It  is  not  known  whether  the  same  lee- 

ward degradation  in  directional  stability  exists  for  the  body- 
wing-tail configuration,  since  directional  stability  data  were  not 
obtained  with  the  full  high-wing  configuration  having  the  vertical 
stabilizer  on  the  leeward  side. 


DIRECTIONAL  CONTROL 

The  directional  control  effectiveness  of  a planar  vertical 
panel  at  8 = 0 is  slightly  higher  when  used  with  the  wraparound- 
surface  configuration  than  when  used  with  a planar-surface  con- 
figuration; and  neither  is  affected  greatly  by  angle-of-attack 
(Fig.  30).  The  effect  of  sideslip  on  directional  control  effec- 
tiveness (at  a given  angle-of-attack),  is  also  small  (Fig.  31). 


ROLL  STABILITY 

The  roll  stability  of  both  the  wraparound-  and  planar-sur- 
face configurations  Increases  with  angle-of-attack  (i.e.,  Cf_  be- 

B 

comes  more  negative)  up  to  aR  8*  (Fig.  32).  The  wraparound -sur- 
face configuration  is  more  stable  in  roll  than  the  planar-surface 
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Fig.  27  Comparison  of  Directional  Stability  Derivatives  of  Wraparound-  and 
Planar -Surface  Configurations;  M = 0.80,  0 = 0°,  Xc  ,g./tB=  0.55 
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Angle  of  slideslip,  p (deg) 

Fig.  28  Effect  of  Angle  of  Sideslip  on  Yawing  Moment  Coefficient,  M = 0.80 


Fig.  29  Effect  of  Location  of  Vertical  Tail  on  Directional  Stability  (Body- Vertical 
Tail  Configuration);  M ■ 0.80,  Xa#/8B  • 0.55 
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Angle  of  attack,  aR  (deg) 


Fig.  30  Comparison  of  Directional  Control  Effectiveness  of  Wraparound-  and 
Planar-Surface  Configurations;  M = 0.80,  Xc.g./^B  = 0.55,  /J  = 0° 
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Angle  of  attack,  aR  (deg) 

Fig.  32  Comparison  of  Roll  Stability  Derivatives  of  Wraparound-  and  Planar-Surface 
Configurations;  M = 0.80, 0 = 0° 


configuration  for  angles-of-attack  up  to  8°.  The  data  at  a = 0° 
from  the  body-wing  configuration  (see  Table  IV  of  Ref,  19)  show 
that  the  wraparound  wings  produce  1.6  times  more  roll  stability 
than  the  planar  wings.  Thus,  the  wraparound  wings  may  be  the 
source  for  the  higher  roll  stability  of  the  wraparound-surface 
configuration.  At  both  a = 0°  and  a = 6°,  the  stability  in  roll 
generated  by  the  wraparound  wings  more  than  counteracts  the  in- 
stability in  roll  generated  by  the  vertical  fin. 

At  aR  8° , the  wraparound-surface  configuration  exhibits 
decreasing  roll  stability  and  becomes  unstable  in  roll  at  aR  « 11°. 
The  source  for  this  decreasing  roll  stability  could  not  be  deter- 
mined from  the  data  available.  The  roll  instability  of  the  wrap- 
around-surface configuration  exhibited  at  aR  > 11.2°  should  not 
present  any  problems  in  controlling  the  missile.  The  results  of 
simple  calculations  of  control  surface  deflections  required  to 
trim  in  pitch,  yaw,  and  roll  for  maneuvers  at  aR  = 12.7°  verify 
this. 

The  rolling  moment  coefficient  is  fairly  linear  with  side- 
slip angle,  8,  for  both  configurations  (Fig.  33).  The  wraparound- 
surface  configuration,  however,  has  a slight  nonlinear  trend  of 
C»  with  6 at  aR  - 12. 7#. 
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Angle  of  sideslip,  p (deg) 

Fig.  33  Effect  of  Angle  of  Sideslip  on  Rolling  Moment  Coefficient,  M = 0.80 
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ROLL  CONTROL 

The  roll  control  effectiveness,  Cj^,  of  the  wraparound 

tails  is  generally  equal  to  or  better  than  that  of  the  planar 
tails  (Fig.  34).  At  a > 0,  Cj^  decreases  with  increasing  a for 

the  wraparound  tails  but  not  as  much  as  it  does  with  the  planar 
tails.  The  reduction  of  Cj^  with  a is  due  to  the  onset  of  stall 

of  the  left  panel  at  12°  (see  Fig.  23).  The  importance  of 

this  reduced  value  of  Cj^  (at  the  higher  angles  of  attack)  on  aero- 
dynamic performance  depends  on  potential  mission  requirements. 
is  not  very  dependent  on  sideslip  angle,  6 (Fig.  35). 
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CONTROL  INTERACTIONS 

Limited  investigations  were  conducted  to  determine  the  ex- 
tent of  control  interactions  when  the  controls  are  deflected  in 
combination.  The  interaction  of  yaw  control  on  pitch  control  and 
vice  versa  were  found  to  be  negligible  (Ref.  20).  Both  the  in- 
duced roll  resulting  from  yaw  control  and  the  induced  yaw  resulting 
from  roll  control  were  also  investigated.  The  results  of  these  in- 
vestigations and  an  analysis  of  the  consequences  of  roll-yaw  con- 
trol coupling  are  discussed  next . 


Rolling  Moment  Induced  from  Yaw  Control 

The  yaw  deflection  produces  a generally  undesirable  (but 
controllable)  rolling  moment  that  is  somewhat  lower  for  the  wrap- 
around-  than  for  the  planar-surface  configuration  (Fig.  36)  even 
though  the  yaw  control  panel  is  planar  for  both  configurations. 

An  explanation  of  the  component  contributions  to  AC^/iy  for 
the  wraparound-  and  planar-surface  configurations  shows  (Fig.  37) 
that : 

1.  For  the  planar-surface  configuration,  the  planar  wings 
in  combination  with  the  planar  horizontal  tails  have 
very  little  influence  on  AC^/iy  for  a £ 8°  (compare 
B2VJ  data  with  B2WpHpVj  data) , and 
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Fig.  34  Comparison  of  Roll  Control  Effectiveness  of  Wraparound-  and 
Planar-Surface  Configurations;  M = 0.80, 0 = 0° 


Yaw-induced  i 


TMC  JOHNS  HOPKINS  UNIVERSITY 

applied  physics  laboratory 

LAUfttl  MAM  *1  ANC< 


TMf  JOHNS  MOP« 'NS  UN»Vf«SlTV 

APPLIED  PHYSICS  laboratory 

VAUrilkHC 


2.  For  the  wraparound-surface  configuration  the  interfer- 
ence from  the  curved  horizontal  tails  reduces  the  mag- 
nitude of  AC^/iy  (compare  data  with  B2V1  data) ; 

the  wraparound  wings  have  very  little  additional  effect 
on  ACj/iy  for  a £ 10®  (compare  B2**C^1  and  B2WC^C^1  ^ata^‘ 

Since  for  the  same  control  deflections,  the  directional  con- 
trol force  is  higher  for  the  wraparound-surface  configuration  than 
for  the  planar-surface  configuration,  and  the  yaw- induced  rolling 
moment  is  lower,  it  is  deduced  that  the  center-of-pressure  of  the 
yaw  control  force  for  the  wraparound-surface  configuration  is  more 
inboard  than  for  the  planar-surface  configuration. 

A deflection  of  the  horizontal  tails  towards  the  vertical 
panel  does  not  change  the  magnitude  of  the  yaw-induced  rolling  mo- 
ment (Ref.  21).  The  sideslip  angle  6 has  only  a slight  effect  on 
the  yaw-induced  rolling  moment  ACjj/iy  (Fig.  38). 


Yawing  Moment  Induced  by  Roll-Control  Deflection 

A generally  undesirable  (but  controllable)  yawing  moment  is 
induced  when  the  horizontal  panels  are  deflected  for  roll  control 
(Fig.  39).  This  induced  yawing  moment,  ACn/A,  is  essentially  the 
same  for  the  wraparound-  and  planar-surface  configurations  and  is 
affected  more  by  angle-of-attack  (Fig.  39)  than  by  sideslip  angle 
(Fig.  40). 


Angle  of  sideslip,  0 (deg) 


Fig.  38  Effect  of  Angle  of  Sideslip  on  Yaw-Induced  Rolling  Moment  for 
Wraparound-Surface  Configuration,  M - 0.80 


- 58  - 


I 

I 

I 

I 

I 

I 

I 


t 

I 


} 

I. 

r 

L 

r 

i 

ii 

r 

i 

i 

i 


THE  JOHNS  HOPKINS  UNIVEBSITy 

applied  physics  laboratory 

LAUHEl  MAHYI.ANO 


Angle  of  attack,  a R (deg) 

Fig.  39  Comparison  of  Roll-Induced  Yawing  Moment  of  Wraparound-  and 
Planar-Surface  Configurations;  M = 0.80,  Xc.g./^B  = 0.55, 0 = 0° 
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Angle  of  sideslip,  (3  (deg) 

Fig.  40  Effect  of  Angle  of  Sideslip  on  Roll-Induced  Yawing  Moment  of 
Wraparound-Surface  Configuration;  M = 0.80,  Xc.g./CB  = 0.55 
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Evaluation  of  Roll-Yaw  Control  Coupling 

In  order  to  assess  the  importance  of  the  apparently  large 
interactions  between  roll  and  yaw  controls  discussed  above,  the 
roll  and  yaw  control  deflections  required  to  maintain  several 
steady-state  lateral  maneuvers  were  calculated  (Ref.  21).  The 
results  (Table  3)  show  that  the  panel  deflections  required  to  trim 
in  pitch,  yaw,  and  roll  are  small  and  hence  the  roll  instability 
at  ap  11°  (noted  earlier  in  this  section  under  Roll  Stability) 
and  the  control  coupling  should  not  present  any  problems  in  con- 
trolling the  wraparound-surface  configuration. 


Table  3 

Control  Surface  Deflections  Required  to  Trim  at  Various 
Steady-State  Maneuvers;  M = 0.80,  Wraparound-Surface  Configuration 


Assumed  Maneuver 

Calculated  Control  Surface 
Deflections  for  Trim 

°trim 

6trim 

i 

P 

<5 

8° 

1° 

0® 

-0.02® 

0.  38® 

12° 

3° 

-2" 

-0.16® 

-0.72® 

16® 

5® 

-4® 

7.12® 

-2.15* 

DRAG 


As  previously  stated,  the  models  used  in  these  investiga- 
tions were  not  optimized  for  drag.  The  measurement  of  drag  was 
not  a primary  purpose  of  the  investigations,  but  drag  measurements 
were  obtained  because  the  drag  element  was  an  integral  component 
of  the  strain* gauge  balance  used  in  the  test. 

The  drag-rise  characteristics  of  the  wraparound-surface  con- 
figuration are  given  in  Fig.  41  for  Re/ft  - 7.7  x 10^.  The  drag- 
rise  Mach  number  is  about  0.80.  (The  drag-rise  Mach  number  is  de- 
fined as  the  Mach  number  at  which  is  102  greater  than  the  value 

of  Cdq  in  incompressible  flow.)  This  Mach  number,  of  course,  can 
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Mach  number 


Fig.  41  Drag-Rise  Characteristics  of  Wraparound-Surface  Configuration 


be  increased  by  appropriate  design  for  drag  optimization.  Other 
drag  data  obtained  in  these  investigations  are  presented  in  Ref.  19. 


MISCELLANEOUS  STUDIES 

Three  miscellaneous  studies  were  conducted  during  the  tests 
of  the  wraparound-surface  configuration  in  order  to  understand 
better  the  results.  They  are  (a)  low  angle-of-attack  transonic 
stall,  (b)  high  angle-of-attack  stall,  and  (c)  effects  of  surface 
curvature  on  the  induced  roll  generated  by  an  elevated  wing  in  pure 
sideslip.  In  addition,  limited  investigations  were  made  to  deter- 
mine (a)  the  effectiveness  of  a wraparound  vertical  tail  in  produc- 
ing directional  stability,  and  (b)  the  gross  aerodynamic  effects  of 
a crude  body  cavity  at  the  wing  location  that  simulates  the  body 
contour  into  which  the  wraparound  wings  of  a tube-launched  missile 
would  be  folded  prior  to  depicvment.  The  results  of  these  miscel- 
laneous studies  are  summarized  below. 


Low-ok  Transonic  Stall 

Oil-flow  visualization  and  low  angle-of-attack  force  studies 
were  conducted  at  Mach  numbers  ranging  from  0.65  to  0.98  at  the 
beginning  of  the  investigations  of  wraparound-surface  configura- 
tions in  order  to  select  Judiciously  a test  Mach  number. 

Photographs  of  the  flow  patterns  over  the  planar  wing  for 
Mach  numbers  ranging  from  0.65  to  0.95,  and  over  the  wraparound 
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wing  for  Mach  numbers  0.80  and  0.90,  show  no  evidence  of  flow 
separation  on  the  wing  or  of  any  strong  compressibility  effects 
from  the  body  (Ref.  19). 

The  force  data  at  low  angle-of-attack  (Fig.  42)  also  show 
no  evidence  of  transonic  stall  (shock  stall)  for  the  body-wing- 
tail  configuration  with  wraparound  surfaces.  Typically  in  transonic 
stall,  the  value  of  C(ja  for  airfoils  decreases  rapidly  and  the  cen- 

ter-of-pressure  first  moves  aft  and  then  rapidly  forward,  i.e.,  C,^ 
increases  (positively)  rapidly  with  increasing  Mach  number. 


High-a  Stall 

Because  there  was  no  strong  evidence  of  radical  stall  for 
angle-of-attack  up  to  16®,  for  the  wraparound-surface  configuration 
having  a high  wing  and  undeflected  control  surfaces  a run  was  made 
to  the  highest  angle-of-attack  permitted  by  the  test  equipment,  to 
determine  the  stall  characteristics.  The  results  show  (Fig.  43) 
that  stall  occurs  at  aR  « 16.5®,  but  there  is  only  a mild  effect  on 
C(j.  (Note  that  additional  lift  is  available  beyond  the  stall  angle.) 


Fig.  42  Effect  of  Mach  Number  on  Linearized  Longitudinal  Stability  Characteristics 
of  the  Wraparound-Surface  Configuration;  aR  = °°.  Xc  g /CB  * 0.56 
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Induced  Roll  in  Sideslip 

Both  planar  and  wraparound  wings  were  found  to  generate  a 
stabilizing  rolling  moment  when  in  pure  sideslip  (B  " or)  (Ref.  19), 
but  the  wraparound  wings  were  found  to  generate  about  50%  more 
rolling  moment  than  the  planar  wings  (see  sketch  below) . The 


Planar  wing  body: 


-0.016 


Wiaparound  wing-body: 


-0.023 


source  for  the  induced  rolling  moment  (not  the  difference,  neces- 
sarily) was  investigated  by  testing  a wing-body  configuration  with 
a single  wraparound  wing.  The  results  are  as  follows: 


% 

Configuration 

B = -5® 

6 = 0° 

B - +5® 

Body- two  wings 

-0.023 

-0.023 

-0.023 

Body-single  wing 

-0.013 

-0.013 

-0.018 

The  body-single-wing  configuration  has  a constant  value  of  C£ 

P 

from  B ■ -5®  to  B ■ O',  which  is  about  half  the  value  of  C£  of  the 

B 


body-two-wing  configuration.  Between  B “ 0°  and  B 


+5®,  C£g  of 


the  body-single-wing  configuration  increases  to  about  80%  of  the 

C«  of  the  body-two-wing  configuration. 

8 


From  these  results  and  observations  and  from  the  normal 
force  data,  the  lateral  centers-of-pressure  of  the  roll-producing 
forces  and  the  direction  of  these  forces  are  deduced  to  be  located 
on  the  body-single-wing  configuration  as  shown  in  the  sketches 
that  follow: 
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Configuration 

% 

CnB 

ClQ 

Vi 

-0.080 

0.006 

0.021 

B2VC1 

-0.084 

0.016 

0.022 

From  these  limited  results  and  from  the  investigations  reported 
throughout  this  report,  it  appears  that  a configuration  that  has 
all  wraparound  surfaces  (i.e.,  wings,  longitudinal  stabilizers  and 
controls,  and  directional  stabilizer  and  control)  is  aerodynamically 
feas ible. 


Effects  of  Crude  Body  Cavity  on  Longitudinal  Stability  and  Control 

The  model  used  in  these  investigations  (Fig.  45)  provides 
only  a crude  simulation  of  the  cavity  remaining  on  the  wing  section 
of  the  body  when  the  wings  are  unfolded.  Nevertheless,  this  crude 
model  shows  very  little  effect  from  the  body  cavity  on  longitu- 
dinal stability  and  control  of  the  configuration  that  has  the 
1/4-chord  point  of  the  wing  M.A.C.  located  at  50%  of  the  body 
length  (Fig.  46).  Similarly,  component  data  showed  little  effect 
on  Cjj  and  Cq,  from  the  body  cavity  (Ref.  25).  It  is  expected, 
therefore,  that  a well-designed  body  contour  that  reduced  drag 
would  not  affect  lift  and  hence  would  increase  the  lift-to-drag 
ratio. 


Ref.  25. E.  F.  Lucero,  "Experimental  Results  at  Mach  0.80  of 
the  Effect  of  Body  Cavity  on  the  Longitudinal  Stability  and  Control 
Characteristics  of  the  Wrap-Around  Surface  Project  (WASP)  Configu- 
ration,” APL/JHU  BFD- 1-75-012,  9 June  1975. 
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Fig.  45  Wraparound-Surface  Model  with  Filleted  Body  Cavity 
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4.  CONCLUSIONS 


A general  conclusion  derived  from  the  studies  of  wraparound- 
surface  configurations  Is  that  these  configurations  appear  to  be 
aerodynamically  feasible  for  missiles  traveling  at  high  subsonic 
speeds,  using  bank-to-tum  aerodynamic  controls.  No  unusual  aero- 
dynamic behavior  affecting  stability  or  control  was  exhibited  by 
the  configurations.  Particular  conclusions  are  as  follows: 

1.  The  longitudinal  stability  characteristics  of  a missile 
configuration  with  wraparound  surfaces  are  about  the  same  as  those 
using  planar  surfaces  of  the  same  projected  planform;  therefore, 
the  force  and  moment  characteristics  can  be  predicted  to  an  accu- 
racy that  is  sufficient  for  preliminary  design,  using  available 
predictive  methods  that  have  been  formulated  for  planar  surfaces. 

2.  A high  wing  with  its  concave  side  windward  is  preferred 
to  a low  wing  with  its  convex  side  windward  from  the  standpoint  of 
lift  of  the  wing  and  stability  efficiency  of  the  tail. 

3.  The  horizontal  tails  of  the  wraparound-surface  configu- 
ration are  more  efficient  stabilizers  than  the  tails  of  the  planar- 
surface  configuration.  The  stability  efficiency  of  the  wraparound 
tails  is  under-predicted  using  planar-surface  methods.  The  pre- 
dictions can  be  improved  by  adjusting  the  calculations,  using  an 
"effective"  tail  height  as  suggested  in  this  study. 

4.  The  pitch  control  effectiveness  of  the  wraparound  tails 
is  generally  greater  than  that  of  the  planar  tails  when  the  con- 
trols are  deflected  with  their  convex  side  windward  and  generally 
less  when  the  controls  are  deflected  with  their  concave  side  wind- 
ward; therefore,  for  a stable  missile  with  wraparound  tails,  it  is 
preferred  that  the  tails  be  mounted  so  that  their  concave  side  is 
windward  when  at  angle-of-attack  and  when  un deflected. 

The  pitch  control  effectiveness  correlates  as  an  almost 
single-valued  function  of  local  angle-of-attack  at  the  tail.  There- 
fore, the  pitch  control  effectiveness  of  a body-wing-tail  configura- 
tion can  be  estimated  empirically  using  body-tail  data  and  the  cal- 
culated value  of  wing  downwash  as  described  herein  for  wraparound- 
surface  configurations.  In  the  absence  of  body-tail  data,  theoreti- 
cal predictions,  which  provide  a conservative  estimate  of  pitch 
control  effectiveness,  can  be  used  for  preliminary  design. 
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5.  The  wraparound -surface  configuration  has  directional  sta- 
bility characteristics  that  are  generally  more  favorable  than  those 
of  the  planar-surface  configuration.  A windward  vertical  panel  for 
directional  stability  is  more  efficient  than  a leeward  panel,  but  is 
equally  efficient  for  directional  control. 

6.  The  roll  control  effectiveness  of  the  wraparound  tails 
is  equal  to  or  better  than  that  of  the  planar  tails. 

7.  Less  than  |5°j  pitch  control  deflection  is  required  to 
trim  the  wraparound-surface  configuration  in  pitch-plane  maneuvers 
for  angles-of-attack  up  to  16°.  For  combined  pitch-yaw-roll  maneu- 
vers where  control  coupling  is  observed,  less  than  2.2°  in  roll  con- 
trol deflection  and  less  than  7.2°  in  yaw  control  deflection  are 
required  to  trim. 

8.  The  high-wing-body  configurations  generate  stabilizing 
rolling  moments  when  in  pure  sideslip.  The  wraparound  wings  gen- 
erate about  twice  as  much  rolling  moment  as  the  planar  wings. 

9.  A wraparound  vertical  stabilizer  produces  more  direc- 
tional stability  than,  and  about  the  same  roll  stability  as,  the 
planar  vertical  stabilizer.  An  ”all"-wraparound-surface  configu- 
ration appears  to  be  aerodynamically  feasible. 

10.  The  longitudinal  stability  and  control  characteristics 
of  the  wraparound-surface  configuration  are  not  expected  to  be 
affected  by  the  cavity  remaining  on  the  body  when  the  wings  are 
deployed  from  their  folded  position. 
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5.  RECOMMENDATIONS 


POSSIBLE  IMPROVEMENTS 

The  wraparound-surface  configuration  investigated  in  these 
studies  was  not  optimized  for  lift  or  drag, in  order  to  keep  the 
configuration  simple  and  the  cost  minimal.  The  lift  characteris- 
tics could  be  improved  by  using  a cambered  profile  for  the  wing 
and  possibly  a super-critical  profile,  depending  on  the  cruise- 
speed  requirements.  An  improvement  in  design  for  drag  optimiza- 
tion would  include  a proper  nose  design;  body  contouring  not  only 
to  accommodate  the  wing  when  folded  in  its  stowed  position,  but 
also  to  reduce  drag  at  high  subsonic  speeds;  boattailing;  wing 
planform  shaping;  and  a super-critical  wing  profile  for  operation 
at  transonic  speed. 


FUTURE  WORK 

The  airloading  characteristics  of  wraparound-surfaces  dur- 
ing post-launch  unfolding  has  not  been  determined  experimentally 
for  any  speed  regime.  This  information  would  be  needed  for  the 
design  of  the  panel  structure  and  erection  mechanism. 

It  is  recommended  that  the  aerodynamic  loading  during  un- 
folding of  wraparound  surfaces  be  investigated  in  the  wind  tunnel. 


I 

I 
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SYMBOLS  AND  NOMENCLATURE 


Symbol 

General 

A.R. 


c 

C, 


0.55 


*0.55 


t(eff) 


l 

s 

m 


Definition 


Dimensions 


Aspect  ratio  of  one  exposed  wing  (tail)  panel 
(span  squared) /planform  area 

Local  chord 

Drag  coefficient,  D/qS 
CD  3t  °R  " ° 

Rolling  moment  coefficient,  i-/qSd 
Pitching  moment  coefficient,  m/qSd,  about 


X/iD  = 0.55 

D 


inches 


Yawing  moment  coefficient,  n/qSd,  about 
X/*B  - 0.55 


Normal  force  coefficient,  N/qS 

Yaw  force  coefficient,  Y/qS 

Body  diameter,  3.0  inches 

Drag  force  (see  Fig.  6) 

Effective  tail  height  for  wraparound 
surfaces  (see  Fig.  22) 

Pitch  control-surface  deflection  (see  Fig.  7) 

Yaw  (directional)  control-surface  deflection 
(see  Fig.  7) 

Rolling  moment  (see  Fig.  6) 

Body  length,  30  inches 

Pitching  moment  about  X/iR  * 0.55  (see 
Fig.  6) 


inches 

pounds 

inches 

degrees 

degrees 

in. -lb 
inches 
in. -lb 
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M 

Mach  number 

M.A.C. 

Mean  aerodynamic  chord,  chord  at  the  lateral 
distance  y 

inches 

n 

Yawing  moment  about  X/ ■ 0.55  (see  Fig.  6) 

in. -lb 

N 

Normal  force  (see  Fig.  6) 

pounds 

vq 

Local  and  freestream  dynamic  pressure, 
respectively 

lb/in2 

R 

Body  radius,  R - 1.50  inches 

inches 

Re 

V*B 

Reynolds  number.  Re  ■ 

V 

S 

nd2  2 

Reference  area,  S = — — ■ 7.07  In 

in2 

u.v.w 

Components  of  V (see  Fig.  6) 

ft/s 

V 

Magnitude  of  velocity  (V  is  velocity  vector 
shown  in  Fig.  6) 

ft/8 

x.y.z 

Body-fixed  axes  (see  Fig.  6) 

X 

Body  longitudinal  station,  measured  rear- 
ward from  nose  tip 

inches 

X 

c.g. 

Center-of-gravity  station 

inches 

X 

C.p. 

Longitudinal  center-of-pressure  station 

Inches 

y 

Lateral  distance  of  wing  (tall)  centroid 
measured  from  root  chord  parallel  to  the 
y-axls  (see  Figs.  2 and  1) 

inches 

Y 

Yaw  force  (see  Fig.  6) 

pounds 

z 

w 

Height  of  projected  span  of  wing  measured 
vertically  from  the  x-y  plane, 

Zw  - (d/2)  tan  0W 

inches 

ACf 

Increment  in  Cf,  where  F - m,  n,  N, 
or  Y,  resulting  from  the  deflection  of 
control  surfaces 

CF 

a 

3Cj,/3a  at  a • 0,  where  F - m,  N 

per  degree 
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9Cp/38  at  6 * 0,  where  F «■  i,  n,  Y 

per  degree 

\ 

Roll  control  effectiveness  obtained  from 

V5 

per  degree 

a 

Local  angle  of  attack  (see  Fig.  6) 

degrees 

aH 

Local  angle  of  attack  at  the  1/4-chord 
point  of  the  M.A.C.  of  the  horizontal 
tail 

degrees 

°R 

Resultant  angle  of  attack  (see  Fig.  6) 
aj  = o at  8 = 0;  unless  otherwise 
specified,  a = a 

K 

degrees 

8 

Angle  of  sideslip  (see  Fig.  6' 

degrees 

6 

Average  differential  tail  deflection 
(see  Fig.  7) 

degrees 

T 

Average  downwash  angle  at  the  1/4-chord 
point  of  the  M.A.C.  of  the  horizontal 
tail,  T is  positive  in  direction  of  -a 

degrees 

V 

Tail  efficiency  in  providing  longitudinal 
stability 

C - C 

. mBWHV  mBW 

hV  - C - C 

“BHV  mB 

V 

Kinematic  viscosity 

ft2/s 

VV 

Elevation  angle  of  wing  (vertical  tail) 

(see  Figs.  1 and  2) 

degrees 

0W’°H,0VC 

Opening  angle  of  wing,  horizontal  tail, 
and  wraparound  vertical  tail,  respec- 
tively (see  Figs.  2,3,  and  44) 

degrees 

♦ 

Aerodynamic  roll  angle  (see  Fig.  6) 

degrees 

de/da  Change  in  e with  a 


I 


I 

I 

I 
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Subscripts  used  to  identify  configurational  components  for  which  coefficients 
are  given  (e.g.,  Cn^.  " normal  force  coefficient  for  body-wing  configuration) 


B 

Body  alone 

BW 

Body-wing 

BH 

Body-horizontal  tail 

BV 

Body-vertical  tail 

BHV 

Body-horizontal  tail 

- vertical  tail 

BWHV 

Body-wing-tail  (full 

configuration) 

w*VBw 

Wing,  wing  due  to  body,  and  body  due 
respectively,  used  in  C * C 

^T.T-U.T  -i-D  ^ 

w+VBw 


to  wing 


Nomenclature  of  Model  Parts 

k 

B Body  alone  consisting  of  a von  Karman  nose  of  fineness 

ratio  2.1  followed  by  a cylindrical  afterbody  of  fine- 
ness ratio  7.9  (see  Fig.  1) 

B Subscript  "1"  is  used  when  the  wing  is  positioned  with 

its  1/4-chord  point  of  the  M.A.C.  at  60%  of  the  body  length 

B Subscript  "2"  is  used  when  the  wing  is  positioned  with 

its  1/4-chord  point  of  the  M.A.C.  at  50%  of  the  body 
length 


Wraparound  horizontal  tail,  concave  to  windward  at  +a, 

i “0  (see  Fig.  3) 

P 
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h Planar  horizontal  tail 

i 

I W Wraparound  wing,  concave  to  'ndward  at  +a  (see  Fig.  2) 

L 

| Wp  Planar  wing 

Planar  vertical  tail 

Wraparound  vertical  tail  (see  Fig.  44) 

I 

I 

I 

I 
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